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Abstract 
 
Angiogenesis is the establishment of new vessels by growing from previous ones in a developing or healing tissue 
for oxygen and nutrient supply and also removal of metabolic wastes. In order to develop a proper vasculature so 
many factors such as cells, growth factors, cytokines, enzymes have to function properly. One of the key factors 
in this process is macrophages which are involved in inflammation as well as angiogenesis. The disturbances of 
switching from that inflammatory to angiogenic character so called macrophage polarization may cause some 
abnormalities of healing and angiogenesis. In this review, we attempted to discuss the literature regarding 
macrophage polarization for angiogenesis during skin wound healing. 
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1. Introduction 

Wound healing is a complicated process that involves 
4 phases: homeostasis, inflammation, proliferation, and 
remodeling [1]. Each of these steps is composed of 
unique biological processes. Homeostasis is the phase 
including clotting of the blood around the wound by 
platelets. Then macrophages and neutrophils cause 
inflammation during the second phase which is the 
inflammation phase. During the proliferation phase 
macrophages, fibroblasts, keratinocytes, and 
lymphocytes are recruited to the wound area. In this 
phase reepithelialization, tissue granulation and 
angiogenesis occur. Lastly, fibroblasts come into play 
for collagen remodeling during the remodeling phase 
[2].  

This review will be confined to explaining only 
major steps of the processes since wound healing and 
angiogenesis are reviewed in detail by other papers 
[3,4]. Briefly in angiogenesis (during the proliferation 
phase) the wounded tissue releases several growth 
factors and cytokines such as vascular endothelial 
growth factor (VEGF), angiopoietin-2 (Ang-2), and 
fibroblast growth factors (FGFs) which results with 
angiogenesis induction [5]. Additionally, endothelial 
cell (EC) proliferation, migration, and tube formation 
occur as a response to many growth factors (platelet-
derived growth factor (PDGF), VEGF, transforming 

growth factor-α (TGF-α), TGF-β, and basic fibroblast 
growth factor (bFGF)) which are secreted by platelets 
[6]. PDGF, VEGF, Angiotensin-1 (Ang-1), TGF-α, 
bFGF, interleukin-8 (IL-8), and tumor necrosis factor-
α (TNF-α) as proangiogenic factors are released by 
monocytes and macrophages [7]. 

Macrophages are involved in both inflammatory 
and proliferation phases of wound healing (Figure 1). 
TNF-α and interleukin-1-beta (IL-1β) are pro-
inflammatory cytokines which are secreted by M1 
macrophages in inflammatory phase [8]; while M2 
macrophages release polyamines for induction of 
VEGF expression and collagen production [9]. If this 
polarization from M1 to M2 macrophage is distrupted 
then wound healing progresses improperly as in 
diabetic wounds [10]. This disruption slows down the 
speed of reepithelialization, granulation tissue 
formation, and vascularization [11]. 

 
2. Stem Cells Based Studies 

Stem cells induce angiogenesis by two ways as 
differentiation to endothelial cells or release of 
extracellular vesicles [12,13]. In a study it is observed 
that when adipose derived stem cell (ADSC) spheroids 
are injected (inside a PNIPAM-based porous hydrogel) 
onto the wound region they improved wound healing 
by enhancing angiogenesis via M1-M2 macrophage 
transformation and thus production of anti-
inflammatory cytokines [14]. In a study, the rats which 
had full-thickness excisional skin wounds were treated 
with xenografted human ADSCs in a fibrin glue matrix 
carrier. Researchers observed that wound healing is 
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accelerated by enhancement of blood vessel numbers 
by increased VEGF expression and induced M2 
macrophage profile. This result was attributed to 
increased IL-10 levels and decreased TNF-α levels. 
[15]. Apoptotic bodies (including microRNA-21–5p) 
which are extracted from adipose derived 
mesenchymal stem cells (ADMSCs) tested for wound 
healing in mice model and it is observed that these 
structures induced M2 macrophage polarization 
resulting with enhancement of granulation tissues and 
blood vessels. In this study it is confirmed by in vitro 
experiments that these effects are executed via 
targeting of KLF6 by miR-21–5p [16]. In a study where 
dermal stem cells (DSCs) and ADMSCs were applied 
to full-thickness mouse wounds via a collagen-based 
scaffold (Integra ® Matrix), it is observed that DSCs 
are exhibited better wound healing ability in contrast to 
ADMSCs regarding scar size, deposition of 
extracellular matrix, and number of cutaneous 
appendages. Both types of stem cells decreased the 
inflammation by inducing the M1 to M2 switch. But 
researchers revealed that DSCs produced better results 
in contrast to scaffold alone treatment while ADMSCs 
produced an intermediate effect but not much better 
than scaffold alone treatment [17]. 
 

 
Figure 1. Differences of M1 and M2 macrophages 
 
3. Biomaterials Based Studies 

A group of scientists investigated the effect of 
thermosensitive injectable hydrogel (the 
thermosensitive decellularized adipose tissue/platelet-
rich plasma inter-penetrating polymer network (t-DPI) 
hydrogel) on the healing of nude mouse full-thickness 
wound model. This hydrogel was based on 
decellularized adipose tissue (DAT) and temperature-
controlled platelet-rich plasma (t-PRP). At the end of 
their study, they observed that this t-DPI hydrogel 
promoted angiogenesis and M2 macrophage 
polarization. They suggested that the effect of t-DPI 
hydrogel on M2 polarization originates from DAT [18]. 
A study resulted with increased diabetic wound healing 
angiogenesis when Chitosan@Puerarin hydrogel was 
injected on to the wounded area of miR-29ab1 
knockout diabetic mice. This result is attributed to the 
inhibition of miR-29 that mediates prolongation of M1 
macrophage polarization and elevated TNF-α and IL-

1β levels in diabetic mice [19]. Decellularized Extra 
Cellular Matrix (dECM) integrated 3-D printed dermal 
analogs (PDAs) are tested as split thickness skin grafts 
and gave positive results in terms of reduced scar 
formation by inducing angiogenesis and M2 
polarization. These results of PDA are associated with 
modulation of Wnt11, ATF3, and IL1β genes’ 
expressions [20]. A hydrogel which is composed of 
gelatin methacrylate and microbial lipopeptide-
surfactin (SF) together with the photoinitiator (GelMa-
SF hydrogel) produced hopeful outcomes in diabetic 
wound healing. Gelma-SF hydrogel caused 
neovascularization based on higher levels of CD31 
expression. Also, it is concluded that GelMa-SF 
hydrogels promoted diabetic wound healing by 
producing a lesser ratio of M1/M2 which is an 
indication of M2 polarization [21]. Hyaluronic acid 
(HA) hydrogel is combined with JK-1(a pH-
controllable H2S donor) to form an HA-JK1 hybrid 
system.  This hybrid system is tested for wound healing 
ability on mice full thickness removal wound healing 
models. This sytem improved wound healing by 
enhancing cell proliferation, angiogenesis, and 
macrophage polarization toward M2 phenotype in 
vivo. HA and HA-JK-1 treated groups showed nearly 2 
fold and 4 fold higher amounts of vessels per mm2 
subsequently in contrast to the control group [22]. 
 
4. Administration Based Studies 

Phosphatidylserine-containing liposomes (PSLs) are 
tested for their ability to improve the healing of 
pressure ulcers modeled in young and aged mice. 
Subcutaneously injected PSL improved the number of 
vessels in both groups. Also, it is observed that PSL 
induced M1 to M2 polarization in vitro and in vivo. 
This material improved healing of pressure ulcers by 
enhancing myofibroblast-mediated ECM deposition, 
angiogenesis, and ultimately tissue remodeling. Also, 
the researchers experimented the effect of 
lipopolysaccharide (LPS) or LPS/IFNγ stimulation on 
naïve bone marrow derived macrophages (BMDMs) 
and they observed higher levels of TNFα, IL-6, and NO 
in middle aged mice group in contrast to young mice 
group. So, they concluded that aging modulates 
BMDMs inflammatory responses [23].  

Some researchers examined the healing process of 
wounds on diabetic, obese, and hyperlipidemic mouse 
model (ob/ob) by using the administration of syndecan-
4 and platelet derived growth factor-BB (PDGF-BB). 
They observed improved levels of re-epithelialization 
and angiogenesis in contrast to the PDGF-BB alone 
group. Also, this co-therapy induced enhancement of 
M2 macrophages but attenuation of M1 macrophages 
[24]. 

Selenium administration in diabetic mice improved 
wound healing through downregulating connexin gene 
expression, improving angiogenesis and antioxidant 
enzyme levels. Additionally, it is observed that 
selenium administration enhanced levels of VEGF on 
days 7 and 13 [25]. But in this study researchers didn’t 
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examine the relationship between macrophage 
polarization and angiogenesis. I propose that it might 
be meaningful to examine this relationship of 
angiogenesis and macrophages via VEGF release since 
macrophages are able to produce VEGF as a 
proangiogenic factor [7].  

When 5-aminolevulinic acid (ALA) is applied 
topically on the wounded skin of mice and then treated 
with photodynamic therapy (PDT) this combination 
(ALA-PDT) results in enhanced wound healing, 
thickened granulation tissue, reduction of 
inflammatory cell filtration (on 5th and 7th days), and 
the lesser ratio of M1/M2 macrophages. Also, ALA-
PDT treated group showed increased anti-
inflammatory cytokines Arg1 expression but decreased 
iNOS level as an indicator of M1 to M2 switch. In order 
to reveal the effect of ALA-PDT on macrophages 
western-blot analysis is performed and lesser amount 
of NF-κB phosphorylation is observed in vitro. This 
last result is the explanation of how ALA-PDT is 
inhibiting inflammatory responses. But in this study 
angiogenesis is not evaluated [26]. 
 
5. Conclusions 

Macrophages are essential components of wound 
healing. A vast amount of research has been done but 
still, the equilibrium between inflammatory and 
angiogenic activity of macrophages couldn’t be 
obtained by experiments for scarless and well 
vascularized wound healing. In the future with the aid 
of 4D biomanufacturing, it might be possible to 
establish smart biomaterials that could sense the tissue 
dynamics and change their behavior as a biosignal-
producing machine for ideal wound healing. 
 
Conflict of Interest 
 
The authors declare no conflict of interest.  
 
Acknowledgment 
 
The authors are thankful to Assistant Professor Dr. 
Yunus Emre Eksi for providing the illustration. 
 
References 
 
[1] A. Basu, S. Munir, M. A. Mulaw, K. Singh, D. 

Crisan, et al., “A Novel S100A8/A9 Induced 
Fingerprint of Mesenchymal Stem Cells 
associated with Enhanced Wound Healing”, 
Scientific Reports, Vol. ED-1, 6205, April, 
2018.  

[2]  S. Das, A. B. Baker, “Biomaterials and 
Nanotherapeutics for enhancing Skin wound 
Healing”, Frontiers In Bioengineering and 
Biotechnology, Vol. ED-4, 82, Oct, 2016. 

[3]  A. P. Veith, K. Henderson, A. Spencer, A. D. 
Sligar, A. B. Baker. “Therapeutic strategies for 
enhancing angiogenesis in wound healing”, 

Advanced Drug Delivery Reviews, Vol. ED-
146, pp. 97–125, Jun, 2019. 

[4]  Z. Azari, S. Nazarnezhad, T. J. Webster, S. J. 
Hoseini, P. B. Milan, et al., “Stem cell-
mediated angiogenesis in skin tissue 
engineering and wound healing”, Wound 
Repair Regen., Vol. ED-4, pp. 421-435, Jul, 
2022. 

[5]  P. Carmeliet and R. K. Jain. “Molecular 
mechanisms and clinical applications of 
angiogenesis”, Nature, Vol.ED-7347, pp. 298-
307, May, 2011. 

[6]  G. Pintucci, S. Froum, J. Pinnell, P. Mignatti, 
S. Rafii, D. Green,”Trophic effects of platelets 
on cultured endothelial cells are mediated by 
platelet-associated fibroblast growth factor-2 
(FGF-2) and vascular endothelial growth factor 
(VEGF)”, Thromb Haemost., Vol. ED-5, pp. 
834-842, Nov, 2002. 

[7]  S. Yoshida, A. Yoshida, H. Matsui, Y. Takada, 
T. Ishibashi, “Involvement of macrophage 
chemotactic protein-1 and interleukin-1β 
during inflammatory but not basic fibroblast 
growth factor–dependent neovascularization in 
the mouse cornea”, Lab Invest., Vol. ED-7, pp. 
927-938, Jul, 2003. 

[8]  M.M. Alvarez, J.C. Liu, G. T. de Santiago, B. 
H. Cha, A. Vishwakarma., et al., “Delivery 
strategies to control inflammatory response: 
modulating M1-M2 polarization in tissue 
engineering applications”, J Control Release., 
Vol. ED-240, pp. 349–363, Oct, 2016. 

[9]  K. L. Spiller, R. R. Anfang, K. J. Spiller, J. Ng, 
K. R. Nakazawa, et al., “The role of 
macrophage phenotype in vascularization of 
tissue engineering scaffolds”, Biomaterials, 
Vol. ED-15, pp. 4477–4488, May, 2014. 

[10]   S. Nassiri, I. Zakeri, M. S. Weingarten, 
“Relative expression of proinflammatory and 
antiinflammatory genes reveals differences 
between healing and nonhealing human 
chronic diabetic foot ulcers”, J. Invest. 
Dermatol, Vol. ED-6, pp. 1700–1703, Jun, 
2015. 

[11]  A. Kimball, M. Schaller, A. Joshi, F. M. Davis, 
A. denDekker, et al., “Ly6C(Hi)blood 
monocyte/macrophage drive chronic 
inflammation and impair woundchealing in 
diabetes mellitus”, Arterioscler. Thromb. Vasc. 
Biol, Vol. ED-5, pp. 1102–1114, May, 2018. 

[12]  Z. E. Clayton, R. P. Tan, M. M. Miravet, K. 
Lennartsson, J. P. Cooke, et al., “Induced 
pluripotent stem cell-derived endothelial cells 
promote angiogenesis and accelerate wound 
closure in a murine excisional wound healing 
model”, Biosci Rep., Vol. ED-4, 
BSR20180563, Jul, 2018.  

[13]  S. Ghodrat, S. J. Hoseini, S. Asadpour, S. 
Nazarnezhad, F. A. Eghtedar, et al., “Stem cell-
based therapies for cardiac diseases: the critical 



H. Ocak & A. Özen / Anatolian Journal of Biology / 2022 2:7-10 

 10 

role of angiogenic exosomes”, Biofactors, Vol. 
ED-3, pp. 270-291, May, 2021. 

[14]  J. Zeng, X. Chen, J. Zhang, Y. Qin, K. Zhang, 
X. Li, et al., “Stem cell spheroids production 
for wound healing with a reversible porous 
hydrogel”, Materials Today Advances, Vol. 
ED-15, 100269, August, 2022. 

[15]  S. Araujo, M. F. Sganzella, R. N. Sagiorato, M. 
N. Leite, G. F. Caetano, et al., “Human 
adipose-derived stem cells in fibrin glue carrier 
modulate wound healing phases in rats”, 
Current Research in Biotechnology, Vol. ED- 
4, pp. 503–513, 2022. 

[16]  J. Li, C. Wei, Y. Yang, Z. Gao, Z. Guo, et al., 
“Apoptotic bodies extracted from adipose 
mesenchymal stem cells carry microRNA-21–
5p to induce M2 polarization of macrophages 
and augment skin wound healing by targeting 
KLF6”, Burns., Vol. ED-8, pp. 1893–1908, 
Dec, .2022. 

[17]  H. D. Zomer, T. dS. Jeremias, B. Ratner, A. G. 
Trentin. “Mesenchymal stromal cells from 
dermal and adipose tissues induce macrophage 
polarization to a pro-repair phenotype and 
improve skin wound healing” Cytotherapy., 
Vol. ED-5, pp. 247-260, May, 2020. 

[18]  J. Tang, H. Li, H. Peng, Z. Zhang, C. Liu, et al., 
“Pre-clinical evaluation of thermosensitive 
decellularized adipose tissue/ platelet-rich 
plasma interpenetrating polymer network 
hydrogel for wound healing”, Mater Today 
Bio, Vol. ED-17, pp. 100498, Nov, 2022. 

[19]  X. Zeng, B. Chen, L. Wang, Y. Sun, Z. Jin, et 
al., “Chitosan@Puerarin hydrogel for 
accelerated wound healing in diabetic subjects 
by miR-29ab1 mediated inflammatory axis 
suppression”, Bioact Mater., Vol. ED-19, 
pp.653–665, May, 2023. 

[20]  L. Chen, Z. Li, Y. Zheng, F. Zhou, J. Zhao, et 
al., “3D-printed dermis-specific extracellular 
matrix mitigates scar contraction via inducing 
early angiogenesis and macrophage M2 
polarization”. Bioact Mater., Vol. Ed-10, pp. 
236–246, Sep, 2022.  

[21]  L. Yan, K. Han, B. Pang, H. Jin, X. Zhao, et al., 
“Surfactin-reinforced gelatin methacrylate 
hydrogel accelerates diabetic wound healing by 
regulating the macrophage polarization and 
promoting angiogenesis”, Chemical 
Engineering Journal, Vol. ED-414, pp. 128836, 
June, 2021. 

[22]  J. Wu, A. Chen, Y. Zhou, S. Zheng, Y. Yang, 
et al., “Novel H2S-Releasing hydrogel for 
wound repair via in situ polarization of M2 
macrophages”, Biomaterials. Vol. ED-222, pp. 
119398, Nov, 2019. 

[23]  R. Toita, E. Shimizu, M. Murata, J-H. Kang. 
Protective and healing effects of apoptotic 
mimic-induced M2-like macrophage 
polarization on pressure ulcers in young and 

middle-aged mice. J Control Release, Vol. ED-
330, pp.705-714, Feb, 2021. 

[24]  S. Das, M. Majid, A. B. Baker. “Syndecan-4 
enhances PDGF-BB activity in diabetic wound 
healing”, Acta Biomater, Vol. ED-42, pp. 56-
65, Sep, 2016. 

[25]  S. Bajpai, M. Mishra, H. Kumar, K. Tripathi, 
S. K. Singh, et al., “Effect of Selenium on 
Connexin Expression, Angiogenesis, and 
Antioxidant Status in Diabetic Wound 
Healing”, Biol Trace Elem Res”, Vol. ED-1:3, 
pp. 327-338, Dec, 2011. 

[26]  L. Li, Y. Yang, Z. Yang, M. Zheng, G. Luo, et 
al., “Effects of ALA-PDT on the macrophages 
in wound healing and its related mechanisms in 
vivo and in vitro”, Photodiagnosis Photodyn 
Ther., Vol. ED-38, pp. 102816, Jun, 2022. 


